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The present paper deaJs with two-dimensional flow field around a square cylinder 
moving slowly with a constant velocity along the central line of channel. The effects of 
the channel side-wall and the fluid elasticity to the flow field were studied by the flow 
visualization and the numerical analysis. The expansion of streamlines in the vicinity of 
the square cylinder is suppressed by the approach of the channel side-wall and the length 
of twin-vortices in the rear of square cylinder decreases with a decrease of the ratio of the 
channel breadth to the side length of square cylinder. The fluid elasticity in viscoelastic 
fluids suppresses the expansion of streamlines in the rear part of the square cylinder 
and makes rear twin-vortices smaller. Besides, the computational experiments based on 
Maxwell model were carried out in the ranges of 10-50 of Reynolds number and 0-0.10 of 
Weissenberg Humber. It was shown that the length of rear twin-vortices increased with 
an increase of Reynolds number and decreased with an increase of Weissenberg number. 
1. Introduction 
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The flow around a body has been studied by many researchers as one of classical problems in 
fluid mechanics. In the case of the flow around a square cylinder, the flow field becomes more 
complicated than that of a circular cylinder, because of the separation at the front corner, 
the reattachment to the side surface, the wake in the rear of cylinder and so on. On the 
other hand, the finite property of flow field is the first consideration in the discussion based 
on experimental or numerical results. Then, our object was limited to the flow field around 
the square cylinder set in the central plane pa.rallel to two papallel side-walls. Such a flow 
field has been studied by Fromm-Harlowl), Hayashi2 ), Matida et aP), Tachibana4 ), Tachibana-
Matsumoto5), N akabayashi-Aoi6) and Ohwa et al 7) and they have clarified several characteristics 
of Poiseuille flow and uniform flow around the square cylinder. The fluid used in those papers 
was Newtonian fluid. If the fluid is viscoelastic fluid, it seems that there are some anomalous 
phenomena8 ). So that we study the effects of the channel side-wa.ll and the fluid elasticity to 
above-mentioned flow field in the range of Re= 10"-'50 (the twin-vortices region). 
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N omenclat ure 
B: 
H: 
L: 
U: 
Pc: 
p: 
v: 
J.-l: 
)..: 
x, y: 
t: 
u, v: 
P: 
Prx, Pyy , Pxy : 
axx , ayy , axy : 
Re: 
W: 
side length of square cylinder 
width of flow field between two papallel planes 
length of twin-vortices in the rear of square cylinder 
constant velocity of square cylinder 
concentration of dilute polymer solution (ppm) 
fluid density 
fluid kinematic viscosity 
fluid viscosity J.-l = P . v 
fluid rela.x:ation time (Maxwell model) 
non-dimensional values of Cartesian coordinate system, (x, y) = (X, Y)I B 
non-dimensional value of time, t = TI(BIU) 
non-dimensional values of velocities in Cartesian coordinate system, 
(u, v) = (Vx, Vy)IU 
non-dimensional value of pressure, P = pi pU2 
non-dimensional values of stress components, Pi) = pi)1 pU2 
non-dimensional values of elastic parts of Pxx , Pyy , Pxy 
Reynolds number, Re = pU BIJ.-l = U Blv 
Weissenberg number, W = )"u I B 
2. Experiment 
2.1 Apparatus and Procedure 
The towing channel used are made of the acrylic reSIn and its dimension are 700mm in 
length, 100mm in width and 160mm in depth. The black paint was coated on the surface of 
two side-walls of channel and a photographic window with 660mm in length and 9mm in width 
was mounted at 54mm in depth from the top of channel. A partition plate was set between 
two parallel planes to adjust the width of flow field. In the present experiment, the width of 
channel was changed as 100mm, 40mm and 20mm to discuss its effect on the flow field. 
The square cylinder made by the acrylic resin is 10mm in side length and 145mm in length. 
It is fixed to the translating stand by the arm made of stainless steel rod of 2.5mm in diameter. 
The cylinder and the camera mounted together on the stand move slowly at the constant 
velocity along the central plane of channel. The range of Reynolds number in this experiment 
is 10",,50. 
The flow field around the square cylinder was visualized by the tracer method using the 
aluminium powder. On the basis of recording photographs, the flow pattern around the cylinder 
was discussed and the length of twin-vortices in the rear of cylinder was determined to clarify 
its dependence upon several governing factors. 
2.2 Liquid Used 
Liquids used are tap water and dilute polymer solutions. Polymer solutions are aqueous solu-
tions of polyacrylamide (PAA-ZH880H) and the range of polymer concentration is 10",,100ppm. 
The density of polymer solutions was virtually the same as water, i.e. p=1000kg/m3 . Besides, 
as these solutions were dilute ones, we considered ones to be Newtonian fluids9). Therefore, 
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their kinematic viscosity was measured with Ubbelohde viscometer. Their typical values are 
shown in Table 1. From experimental data in past10- 12 ), it can be considered that polymer 
solutions used are viscoelastic. But, it is difficult to measure the elasticity of such solutions, 
because their elasticity is weak and the convenient measuring devices are not existent. Then, 
we did not measure the elasticity of testing liquids and relatively evaluated the elastic effect of 
polymer solutions on the viewpoint that the elastic effect of solutions increased with an increase 
of the polymer concentration. 
Table 1 Viscosity of polymer solutions 
Kinematic Viscosity v(mm 2 /s) 
Concentration Temperature T(OC) 
Pc (ppm) 5.0 10.0 15.0 
O(water) 1. 520 1. 310 1.146 
10 1. 583 1. 365 1.183 
30 1. 719 1. 409 1. 204 
50 1. 766 1.553 1. 293 
70 1. 913 1. 620 1. 411 
100 2.355 2.001 1. 743 
Fig.1 Flow field and coordinate system 
3. Numerical Analysis 
3.1 Basic Equations 
We consider a square cylinder with B in side length moving in -x direction at the constant 
velocity U along the central plane parallel to two parallel side planes in the two-dimensional 
channel of H in width. Besides, it is assumed that the fluid in the channel is an incompressible 
viscoelastic fluid kept in the isothermal state. This flow field is equal to that of the uniform 
flow moving in x direction around the fixed square cylinder which center is at the origin of 
Cartesian coordinate system as shown in Fig.1. The governing equations are expressed as: 
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~+u~+v~= -~+ apu + ap'y I 
at ax ay ax ax ay 
av av av ap aE aR 
-+u-+v-= -_+---.!!..+-1Z.. 
at ax ay ay ax ay 
( 1 ) 
au au 
-+-=0 ax ay ( 2 ) 
And that, as the constitutive equation of viscoelastic fluid, we use Ma.xwell model(p=const. 
A=const). The relations between stress components are expressed as: 
( a P..r a Pu a P..:c a u au) 2 au p. + W --+u--+u---2-P' -2-P' =--
:ex at ax ay ax rr ay;CY Re ax 
( 3 ) 
( ap..y ap':y ap"y au p. au ) 1 (au au ) p. +w --+u--+v---- --P:. =- -+-
xy at ax ay ax U ay U Re ay ax 
where Reynolds number and Weissenberg number are defined as: 
( 4 ) 
If the stress components are divided as the viscous part and the elastic part ail' they can be 
expressed as: 
2 ov 
P.. =0 +--
YY YY Re oy 
p. =0 +_1_(~+~) 
xy ;cy Re ox iJy 
( 5 ) 
The flow field (u,v,p) is determined by Eqs.(1)"-'(3) and concurrently stress compoments 
(PXX1 PYY1 Pxy) are also solved. 
The boundary conditions are as follows: 
(a) The entrance section of upper reaches: 
OP 
u=l v=o -=0 ) 
, 'ox 
an =, ayy = 0, axy = 0 . 
( 6 ) 
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(b) The exit section of lower reaches: 
au I ~=o. v=o. p=o 
aau = 0 aayy = 0 aaXY = 0 
ax . ax . ax 
( 7 ) 
(c) On the side planes: 
( 8 ) 
(d) On the central plane: 
au ap 
ay=o. v=o. ay=o 
aau = 0 aayy = 0 0 ay . ay . aXY = 
( 9 ) 
(e) On the surface of square cylinder: 
(e-l) On the side surface parallel to the x axis: 
( 10.1 ) 
( e- 2) 0 n t he side surface par allel to the y axis: 
( 10.2 ) 
(e-3) At the corner: 
u=o. v=o p= Po +11 
. 2 
( 10.3 ) 
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The subscripts II"'VIV stand for II"'VIV directions to a corner and we consider that the stress 
value at the corner is equal to the mean value of two stress values at the corner on adjacent 
side planes at which the 2nd order differential is zero. 
3.2 Method of Solution 
We apply Euler implicit scheme to time differential of the governing equation (1) and Lax's 
scheme to time differential of the constitutive equations (3) and (5) and approximate spatial 
derivatives in these equations with the central difference of 2nd order precision . Basic equations 
were solved numerically by the time-marching method13). Considering the symmetry to the 
central plane(y=O), the calculation was carried out in the lower half region(-H /2B <;;;, y <;;;, 0) 
of Fig.I. The finite difference mesh was the orthogonal linear mesh divided unequally. We 
arranged so that there were more grids in the vicinity of the square cylinder and the intervals 
of grids changed continuously. The details of the region of calculation and the difference mesh 
are shown in Table 2. The figure 2 shows the typical mesh scheme. 
( a) 
Name 
H2-11 
H2-B 
H4-11 
HI0-11 
Table 2 Calculating region and difference mesh 
Calculating region and grid number (b) Flow condition and difference mesh 
Mes h Coordinates 
Gr id Number x-Di reet ion Grid Number y-Oirection 
-5. 0 -1.0 
41 -0.5 17 -0 . 5 
60 0 . 5 31 
113 7. 2 5 
-5 . a -1.0 
41 -0.5 17 -0.5 
60 0.5 31 
99 5. a 
1 -5. a -2. a 
41 -0.5 23 -0.5 
60 0.5 37 
113 7. 25 
-5.0 -5. a 
41 -0. 5 30 -0.5 
60 0 . 5 44 
113 7.25 
I I 
Fig.2 Typical mesh scheme 
Flow Conditions 
H/B I R. 
~I 
30 
~ 
~ 
10 
Mes h Name 
H2-B 
H2-8 
H2-A 
H2-A 
H2-A 
20 H4-A 
30 
10 40 HI0 -A 
50 
0.01 
10 0.0 2 
0.05 H2-B 
20 0.0 7 
0.10 
30 0.01 H2-" 
0.02 H2-A 
40 0.05 H2-" 
0.07 H2-11 
50 0 . 10 H2-B 
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4. Results and Discussion 
4.1 Side-wall Effect 
The photographs of the flow around the square cylinder in tap water(N ewtonian fluid , 
Pc=Oppm) are shown in Fig.3 and Fig.4. Fig.3 is of Re= 10 and Fig.4 is of Re=50. In 
(a) H/B 2 
, ----------~---
(b) H/B 4 
-
--- -- -~ ,,~~ ---~---
(c) H/B = 10 
Fig.3 Effect of channel side-wall to flow field (Re=10) 
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these figures, results of numerical analysis were transferred in upper half region of each fig-
ure. Moreover , in both figures , results of H / B=2 ,4 and 10 are shown together in order to see 
the effect of the channel side-wall . From these figures , it is found that (i) experimental results 
of flow patterns around the square cylinder agree , on the whole , well with numerical results 
and (ii) the twin-vortices in the rear of square cylinder increases with an increase of Re and 
decreases with a decrease of H / B . Besides , the size of twin-vortices was discussed on the basis 
(a) H/B 2 
(b) H/B 4 
-
',:<..~;(<>.- , ,"""""~- P 
(c) H/B = 10 
Fig.4 Effect of channel side-wall to flow field (Re=50) 
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of its relative length L / B. Fig.S illustrates the relation between L/ Band H / B at different 
Re. Experimental data were shown by symbolic points and broken lines and numerical results 
were entered by solid lines. Numerical resul ts are larger than experimental data and its degree 
reaches to 15",,25% of experimental data. The present numerical result was compared with 
experimental results by Hayashi2 ). It is shown in Fig.6. Our numerical result is also more than 
his experimental one. It seems that such a difference between the analysis and the experiment 
is due to the precision of flow visualization and the effect of three-dimensional flow. 
3.0 
2.0 
1.0 
o 
o 2 4 10 12 
Fig.S Effect of channel side-wall to length of twin-vortices 
4.0,-----r----,-----,.----,-----,------, 
f -H-m~-·-@:;VI t B ~L ~ 
1.0 
O~----~ ____ ~ __ ~ ____ ~ ______ ~ __ ~ 
o 10 20 30 40 Re 50 60 
Fig.6 Effect of channel side-wall to length of twin-vortices (M.IIayashi 1972) 
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4.2 Elasticity Effect 
The flow field around the square cylinder in dilute polymer solutions( viscoelastic fluid , 
P c=IO,,-,IOOppm ) was discussed in the range of R e=10rv50 at H/B=2. Typical results are 
shown in Fig.7 and Fig.S. In each of these figures , results of numerical simulation for ew-
tonian fluid(P c=Oppm) are entered in upper half region together with experimental results . 
Moreover , the relative length L/ B of twin-vortices in the rear of square cylinder was deter-
mined for polymer solutions at different R e. Fig.9 shows the relation between L/ B and P c in 
the range of R e=lOrv50 . From such plottings , we see that (i) the twin-vortices in viscoelastic 
fluid increases with an increase of R e, which is the same as in Newtonian fluid and (ii) the 
twin-vortices in viscoelastic fluid decreases with an increase of P c at same R e. That is , the 
twin-vortices in the rear of square cylinder increases with the effect of fluid inertia. and decreases 
with the effect of fluid elasticity. 
Next, regard dilute polymer solutions as viscoelastic fluids based on Maxwell model, the 
numerical simulation at H/B=2 was carried out in Re=10rv50 and W=O",O .IO. A part of 
results are shown in Figs. 10", 12 . Fig.IO is the streamlines diagram. It shows that in the rear of 
the square cylinder, the expansion of streamlines are suppressed and the region of twin-vortices 
decreases with an increase of W which is a parameter offluid elasticity. To illustrate the effect 
of fluid elasticity, the typical streamlines were drawn and written together in a figure. From 
~:~=>' , _"'~<:c;~ 
~........ _ ~:.. : .... .. '" ~ ~ _ ~ ~4; __ ~ "":...-'!,. ~ :=-. -.:~_~.,;;;, ... ~ .. 
~ ~ ~ ~ ___ ~ __ ~ ___ '<v- _____ __ ,"'. ~_ ........ ~ __ ..............,_ 
(a) Pc a ppm 
(b) Pc 30 ppm 
(c) Pc 70 ppm 
~?~_'~7:--  
l ~ ~:~ -- ~ :: '" -;: ->~:::~:.-- .-
(d) Pc = 100 ppm 
Fig.7 Effect of fluid elasticity to flow field (Re=I O) 
147 
(a) Pc = a ppm 
(b) Pc 30 ppm 
(c) Pc 70 ppm 
:_.;:._". ' '''''~~~",-$0:::::::=--i 
"-" - ~~ 
-- --- -~-
-- --
- --~ Yy ~ ~ - - ~ - ----
~ ,,- ~ - -....,,,,.,.,y .::<....- - - ~ -
(d) Pc = 100 ppm 
Fig.8 Effect of fluid elasticity to flow field (Re=50) 
2.00 r--r---r----.----.----.----.--~ 
--0- Re=50 
-V- Reo=40 
-8- Reo=30 
1.50 -b- Re= 20 
-0- Reo -= 10 
...J1(l) 
1.00 
o 
o 20 40 60 80 100 
Pc (ppm) 
Fig.9 Effect of fluid elasticity to length of twin-vortices 
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W= 0.00 
W= o. 01 
. I 
'-J= 0.02 
o========~ -, -~ 
-------~ ~
---
~= o. as 
W= O. 07 
I' 
~= o. 10 
i· . i . 'I" . I' . I' I' 
------~p.~------~. . 
c::> \" ' ./"~ 
, I 
~= O. 00 
Fig.l0a Streamlines in viscoelastic fluids (Re= 10) 
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~= o. 00 
~= 0.01 
.. I i I ! I, 
\.1= O. 07 
\.1= o. 10 
c::::>~~~~~~~~~~rb ~-1~--~ 
i I Ii I; . iii j 1 I I i I 
!oJ= 0.00 
Fig.10b Streamlines in viscoelastic fluids (Re=50) 
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~= 0.00 
o --T-]-lYf\l--i-. ----
I . I . I 'I , ! 
~= 0.01 
o --T-]-Y;]Jl--f---, --
, I" I . I • I I 
~= O. 10 
o --}-]-YSJl)l--r-. ----
• I ", ' , . I I I 
o --J-J~YsTIrr---, -,-
(a) Re :; 10 
\oJ= 0.00 
o --J-]-ys:r;'>-l-~-, --
~ ... 0.0 t 
o --T-l-YS-{)J-j-. ----
. i . I ' . I I L I 
~= O. to 
o --J-]-J--r;j-]-----
. ,. j: ... , , . , 
o --J~]-s--mJ-----
" ,. j , , , 
(b) Re = 50 
Fig.ll Velocity distribution in viscoelastic fluids 
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\./=0.00 
-3. 50 '2.50 -1.50 1.50 2. 50 3. :50 
\~=O.Ol 
-l - ~--
-3.50 -1.50 1.50 3.:50 
\J=O.lO 
-2.50 -1.50 1.50 
Fig.12a Pressure change in viscoelastic fluids (Re=10) 
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\J~O.OO 
g 
-~J'S~O~~_%~'~~--~1.S~O~~~-'~S:~:~~~;'_;~~~._O===T~~50---;'J.~ 
IJ~O.OI 
o 
a 
_~1S~O~~_2~'~--~_~I'S~O-~~-'~S:~:~~~~'5B~~~'.O===T~~SO---r1~ 
\,1=0. 10 
-2. :so ~50 J. :so 
Fig.12b Pressure change in viscoelastic fluids (Re=50) 
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these figures, we obtained the relation of L/ B and ltV at different Re as illustrated in Fig.13, 
which showed that L/ B increased with an increase of Re and decreased with an increase of 
W. This agrees qualitatively with the conclusion in the experiment of visualization, considering 
that the elasticity of polymer solution increases with its concentration. Fig.lI shows the change 
of velocity distribution. It. is found that the effect of W is less than that of Re. Fig.12 shows 
the pressure distribution in the flow field and the pressure drop on the channel side-wall. It 
was detected that the local pressure distribution changed considerably by the effect of fluid 
elasticity. And that, the discontinuous change of pressure drop appeared in the case that the 
effect of fluid elasticity was strong, e.g. Re= 10 and W =0.10. This phenomenon appears on the 
channel side-wall of the front corner of square cylinder. Besides, its appearance moves to higher 
W with an increase of Re. At last, it is impossible to see it at W=0.10 in the case of Re=50. 
Therefore, it can be considered that both of Re and Ware concerned in this abnormality. 
5. Conclusions 
2.50 r--r--,---,--..,..-__ r-----r--........ 
2.00 
-lIen 
1.50 
1.00 
0.50 
o 
o 0.02 0.04 0.06 0.08 0.1 0 
W 
Fig.13 Length of twin-vortices in viscoelastic fluids 
The two-dimensional flow field around a square cylinder moving slowly with a constant veloc-
ity along the central plane of channel was studied by the flow visualization and the numerical 
analysis. The effects of the channel side-wall and the fluid elasticity to the flow field were 
discussed. The results obtained are as follows: 
(1) The expansion of streamlines in the vicinity of the square cylinder is suppressed by the 
approach of the channel side-wall and the length of twin-vortices in the rear of square cylinder 
decreases with a decrease of the ratio of the channel width to the side length of square cylinder. 
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(2) The fluid elasticity in viscoelastic fluids suppresses the expansion of streamlines in the rear 
part of the square cylinder and makes rear twin-vortices smaller. This effect of fluid elasticity 
increases with an increase of fluid elasticity parameters such as the polymer concentration and 
Weissenberg number, etc. 
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